ABSTRACT: Glutamine synthetase (GS) is a key enzyme in the assimilation of combined inorganic nitrogen in marine microalgae. Consequently, the development of a sensitive assay technique for GS measurements can have important applications for studies of nitrogen metabolism in both laboratory cultures and field populations of phytoplankton. Bressler & Ahmed (1984) have documented an in vltro assay technique for measurements of biosynthetic GS activity in a variety of marine phytoplankton species. To enhance the general applicability of this procedure, several modifications have been made to increase both the detection capability for the inorganic phosphate end product (P,) and the recovery of total enzyme activity from phytoplankton samples. These improvements have resulted in an approximate 50-fold increase in the overall detection capability for the enzyme, and should accelerate the interest in the use of this enzyme as a sensitive tool in physiological and ecological studies.
INTRODUCTION
Primary productivity in phytoplankton is a function of biochemical processes that ultimately incorporate extracellular nutrients into biomass. Since enzymes mediate these processes, the availability of sensitive assay techniques for measurements of key enzymatic steps involved in nutrient utilization can be of great utility in attempts to understand nutrient-related ecological processes in aquatic environments. For example, nutrient nitrogen is often present at extremely low concentrations in the euphotic zones of many marine ecosystems. Consequently, the importance of the uhlization of combined inorganic nitrogen (nitrate, nitrite and ammonium) for primary productivity in these systems has fostered the development of sensitive in vitro assays for enzymes such as nitrate reductase (Eppley et al. 1969) , nitrite reductase (Eppley & Rogers 1970) , glutamate dehydrogenase (Ahmed et al. 19?7) , and NADH-glutamate synthase (Clayton & Ahmed 1986 ). Glutamine synthetase (GS) is an additional enzyme that is crucial for nitrogen assimilation processes in environments characterized by low ambient levels of nutrient nitrogen. GS cataly- 
Measurements of the in vitro biosynthetic activity for GS have typically involved either spectrophotometnc detection of the Pi end product (e.g. Shapiro & Stadtman 1970 , Falkowski & Rivkin 1976 , Bressler & Ahmed 1984 or detection of the ADP end product using a fluorometric coupled enzyme assay (Falkowski & Rivkin 1976) . Both approaches have limitations. The fluorometric coupled enzyme assay involves a rather complex reaction mixture containing substrates for not only the desired GS reaction but also the accompanying coupled enzyme reaction (e.g. pyruvate kinase, phosphoenolpyruvate, lactate dehydrogenase and NADH). Although the alternative approach uhhzing spectrophotometric measurement of P, does not require such elaborate reaction substrate mixtures, its usefulness has traditionally been limited by the relative insensitivity of the P, assay. Consequently, enhancement of the detection sensitivity for the end product P, in the biosynthetic GS assay would have significant practical importance for its application in both laboratory and field studies. This paper summarizes efforts to achieve greater sensitivity for in vitro GS activity measurements in marine phytoplankton samples. Although similar to the parent method of Bressler & Ahmed (1984) , 2 modifications have been adopted to enhance overall assay sensitivity. First, a more sensitive method for detecting the end product inorganic phosphate (P,) has been adapted to the procedure. Second, whole cell homogenates rather than cell-free extracts are used in the assay.
METHODS AND MATERIALS
Chemicals. All inorganic chemicals were reagent grade quality. Algal cultures. The experimental organism used for tests in this paper was the marine diatom Skeletonema costatum (Grev.) Cleve (R. R. L. Guillard, 1956, Milford Harbor, Connecticut, USA). The isolate of this species was obtained from the Culture Collection of Marine Phytoplankton (CCMP), Bigelow Laboratory for Ocean Sciences, West Boothbay Harbor, Maine, USA (c/o Dr. R. R. L. Guillard). Batch cultures of the test organism were grown in autoclaved natural seawater (from Puget Sound, Washington, USA) that received sterile nutrient additions at concentrations specified in Harrison et al. (1980) . The cultures were maintained in constant temperature water baths at 16.5 "C. Continuous light (i.e. 24 h d-l) at an intensity of 0.68 to 0.70 X 1016 quanta cm-* S-' was provided by cool white fluorescent bulbs through a blue plexiglas sheet (Rohm and Haas # 2069) (Harrison et al. 1977 ).
In vitro enzyme assay procedures using cell-free extracts and whole cell homogenates. The preparation of cell-free extracts from experimental phytoplankton cultures is described in Bressler & Ahmed (1984) . Briefly, a volume of phytoplankton culture was filtered onto a glass fiber filter. The filter was then homogenized in cold extraction buffer and centrifuged at 20 400x g for 10 min. The centrifuged supemate was the cell-free extract. Whole cell homogenates were prepared in an identical manner, except that the cellular debris and filter material were not removed by centrifugation.
The i n vitro enzyme assays for cell-free extracts and whole cell homogenates were similar to those described for the 'biosynthetic assay' in Bressler & Ahmed (1984) , except for the following dfferences. All assays were terminated by the addition of 0.300 m1 of 3 M HC1. Assay tubes containing whole cell homogenates were then processed in a desk-top centrifuge to remove cellular debris and filter material. The resulting supemates, as well as the solutions from the cellfree extract tubes, were analysed for P, content. To minimize the release of Pi from residual ATP, all terminated reaction solutions were maintained in ice-water baths until the final addition of citrate. To account for Pi in the final reaction solutions due to processes other than the GS reaction itself, GS activities were calculated from the differences in the P, contents of paired reaction tubes containing plus and minus glutamate.
Malachite green Pi detection technique. Instead of the phosphate measurement technique employed by Bressler & Ahmed (1984) , the method described in Lanzetta et al. (1979) was utilized for final determination of P, quantities in terminated enzyme reaction solutions. Preparation of the malachite greedammoniurn molybdate/Sterox (MG/AM/St) solution and the general conduct of the P, assay are described in Lanzetta et al. (1979) . Due to the high sensitivity of this technique, only a known volume fraction of the terminated enzyme reaction solutions (0.150 m1 out of 0.860 ml) was routinely assayed for P,. Upon addition of the citrate reagent, terminated enzyme reaction solutions were transferred from the ice-water bath to a room temperature environment. Lanzetta et al. (1979) noted that the temporal stability of the developed colored reaction was enhanced by the addition of the citrate reagent. However, with the GS reaction substrate mixtures the absorbance values continued to increase slightly over time. Consequently, an exact time interval (30.0 min) between the addition of the citrate reagent and the reading of the absorbance value at 660 X IO-' m was applied to a l l sample and Pi standard assay tubes.
RESULTS

Application of the malachite green Pi detection technique to the GS assay solution
In contrast to the malachite green Pi assay proposed in this paper, Bressler & Ahmed (1984) utilized a molybdate method for detection of the end product Pi. To compare relative sensitivities of the malachite green and molybdate assays, standard curves for P, were generated in solutions of the complete GS assay substrate mixture plus the sample extraction buffer. Linear regression equations fitted to data for these standard curves are summarized in Table 1 . The resulting ratio of the regression coefficients (bl/b2) shows that the malachite green assay is approximately 28 times more sensitive than the molybdate assay for P, detection. The high correlation coefficient with the malachite green assay also indicates that this Pi measurement procedure can be performed with a high degree of precision. 
GS activity in cell-free extracts versus whole cell homogenates
Bressler & Ahmed (1984) used cell-free extracts in their GS assays. Two tests were performed to compare in vitro enzyme activities obtained with cell-free extracts and whole cell homogenates from the same exponentially growing (NH: sufficient) batch culture of Skeletonema costatum. The results are summarized in Table 2 . In each instance approximately twice as much activity was detected with whole cell homogenates.
Since the uhlization of whole cell homogenates differed from the procedure employed in Bressler & Ahmed (1984) , tests were performed to confirm that in vitro reaction substrate levels were still at non-limiting concentrations in the whole cell homogenate assay. Assay tubes containing whole cell homogenate from an exponentially growing (NO;-sufficient) batch culture of Skeletonema costatum were incubated for times ranging from 0 to 120 min. As illustrated in Fig.  1 , no decrease in activity rate was observed over the entire duration of the incubations. The error bars for the individual data points in the figure also indicate the good precision obtained with the malachite green/ whole cell homogenate procedure. Application of the procedure to field samples of phytoplankton Dortch et al. (1985) report efforts to measure GS activities in field samples of natural phytoplankton from Dabob Bay, Washngton (USA). Activities were not detected in samples using the original method of Bressler & Ahmed (1984) due to the relative 'insensitivity' of the assay. However, measurable levels of the enzyme were detected when the malachite green/ whole cell homogenate assay was applied to samples. For example, Fig. 2 presents a vertical profile of these GS activity measurements relative to the accompanying concentrations for total particulate nitrogen and chlorophyll a in the water column. The error bars included with the GS data in the figure again indicate the good precision obtained with the malachite green/ whole cell homogenate procedure. Although a more detailed presentation and discussion of this data is presented elsewhere (Dortch et al. 1985) , the figure does illustrate a coupling between measured in vitro activity levels for the enzyme and accompanying biomass indicators (i.e. PN and chlorophyll a).
DISCUSSION
With the adoption of the malachite green Pi detection technique and the use of whole cell homogenates, an approximate 50-fold increase in sensitivity for in vitro GS activity measurements is obtained. This enhanced sensitivity in s U accompanied by a high degree of precision for replicate measurements. These modifications allow for detection and quantitation of (1984) . In addtion to the advantages provided to studies with laboratory cultures of phytoplankton, this also has direct practical significance for measurements in field samples. Consequently, the modfied GS assay has enhanced the sensitivity for the in vitro enzyme measurements to such an extent that even detectable field activity values are within the realm of possibhty and practicality.
